T cell-mediated liver diseases, including autoimmune and viral hepatitis, are associated with significant morbidity and mortality worldwide and represent a serious concern in the clinical setting (1, 2) . The Con A-induced hepatitis in mice is a model of T cell-mediated liver diseases (3) . Following Con A administration, liver histology shows massive granulocyte accumulation, CD4
ϩ T cell infiltration, and hepatocyte necrosis/apoptosis (3, 4) . The induction of this hepatitis depends on CD1d-restricted invariant NKT cells, that express an invariant V␣14J␣18 TCR (5, 6) . Thus, J␣18
Ϫ/Ϫ and CD1d Ϫ/Ϫ mice that lack NKT cells are resistant to Con A-induced hepatic injury (5, 6) , whereas the adoptive transfer of NKT cells isolated from wild-type (WT) 3 
mice into healthy CD1d
Ϫ/Ϫ or J␣18 Ϫ/Ϫ mice restores hepatic injury mediated by Con A. Previous studies have shown that Con A activates hepatic resident NKT cells to produce IL-4 (5, 6); IL-4, in turn, acts on NKT cells in an autocrine fashion to induce Fas ligand (FasL) expression on these cells, which subsequently promotes hepatocyte cell death (i.e., cytotoxicity), possibly by interacting with Fas-expressing hepatocytes. In agreement with this concept is the observation that Fas, FasL, and IL-4 exert proinflammatory effects during Con A-induced hepatitis since mice deficient in any of the aforementioned mediators are resistant to Con A-induced liver damage (7) (8) (9) .
In addition to these cytokines, hepatic NKT cells release osteopontin (OPN), an extracellular matrix glycoprotein known for its role in supporting adhesion and migration of inflammatory cells (10, 11) . OPN plays a nondispensable role in the development of Con A-induced hepatitis in mice (12) (13) (14) , as demonstrated by the fact that neutralizing OPN function by OPN gene deletion or by using OPN small-interfering RNA protects against Con A-induced liver injury. In addition, OPN overexpression occurs in other models of liver injury (15) (16) (17) and OPN dysregulation facilitates inflammation-associated fibrosis in several organs including lung, heart, and liver (18 -20) .
The farnesoid X receptor (FXR; NR1H4) is a member of the nuclear receptor superfamily of ligand-activated regulatory factors (21) (22) (23) . Nuclear receptors have been shown to regulate the essential aspect of innate immunity (24 -26) and production of OPN in several experimental settings (27) (28) (29) , but this information lacks for FXR. FXR is highly expressed in the liver, intestine, kidney, and adrenal gland where it function as a bile acid sensor (30 -32) . Thus, there is circumstantial evidence to link the activity of FXR to the regulation of bile acid synthesis from cholesterol, providing a link between nutrient absorption and regulation of key steps in the intermediate metabolism. In addition, because bile acids might be toxic for the liver, activation of FXR by natural and synthetic ligands has been shown to prevent bile acid-induced liver toxicity in a variety of rodent models (33) (34) (35) (36) (37) (38) (39) . The homeostatic function of FXR in the liver is highlighted by the demonstration that mice harboring a disrupted FXR (FXR Ϫ/Ϫ ) develop spontaneously an array of hepatocellular abnormalities including adenomas and carcinomas. This pattern associates with an increased liver epithelial cell proliferation and expression of proinflammatory cytokines and oncogenes (40, 41) .
In the present study, we demonstrate that FXR Ϫ/Ϫ mice spontaneously develop hepatic damage and liver immune dysregulation and show enhanced susceptibly to T cell-mediated hepatitis. In addition, we provide evidence that NKT cells express a functional FXR and that FXR ligands activate counterregulatory signals in NKT cells that prevent hepatitis by inhibiting Con A-induced OPN synthesis.
Materials and Methods

Mice
Specific pathogen-free C57BL/6 mice (5-7 wk old) were purchased from Charles River Laboratories. Homozygous FXR Ϫ/Ϫ mice (C57BL/6BJ6 genetic background) were originally provided by F. J. Gonzalez (National Institutes of Health, Bethesda, MD). Animals were maintained with a 12-h light/12-h dark cycle with free access to food and water. All procedures were approved by the Animal Care and Ethics Committees of the University of Perugia.
Cell lines and culture media
The HepG2 cell line was cultured in MEM supplemented with 10% FBS, 100 U/ml penicillin, and 100 mg/ml streptomycin. DN32.D3 cells, a murine NKT cell hybridoma cell line (42) , provided by Dr. A. Bendelac (Princeton University, Princeton, NJ), were cultured in DMEM supplemented with 5% FBS, 100 U/ml penicillin, and 100 mg/ml streptomycin.
Treatments
FXR WT and FXR
Ϫ/Ϫ mice were injected i.v. with a freshly prepared Con A, type IV, in a pyrogen-free saline (Sigma-Aldrich). In a first set of experiments, we have investigated whether FXR gene ablation sensitizes mice to Con A-induced liver injury. To this end, FXR Ϫ/Ϫ and WT mice were administered with a lethal dose of Con A (25 mg/kg), with or without pretreatment with 6␣-ethyl-chenodeoxycholic acid (6E-CDCA; 10 mg/kg i.p., 30 min before Con A), a semisynthetic FXR ligand. Mortality was assessed over the next 2 days. In a second set of experiments, FXR Ϫ/Ϫ and WT mice were administered with a sublethal dose of Con A (10 mg/kg), with or without pretreatment with the same agent as described above. Mice were then sacrificed under pentothal anesthesia at 4, 8, 24 , and 48 h after Con A administration and blood and livers were collected. Plasma aspartate aminotransferase (AST) was used as a marker of hepatic injury.
OPN immunohistochemistry
Cryostat liver sections, 5-m thickness, were washed in PBS, pretreated with H 2 O 2 for 10 min, and then incubated in a blocking solution containing 10% goat serum and 0.1% Triton X-100 in PBS. After overnight incubation at 4°C with an 1/200 primary anti-OPN Ab (Sigma-Aldrich), slides were washed three times in PBS and incubated for 2 h at room temperature with a biotinylated secondary Ab (Vector Laboratories) diluted 1/250 in PBS. Finally, slides were incubated with the avidin-biotin complex (Vectastain; Vector Laboratories) and visualized with diaminobenzidine.
Isolation of liver-infiltrating mononuclear cells and flow cytometric analysis
Mice were sacrificed 2 h after Con A administration. Liver were perfused through the portal vein with 5 ml of PBS. The livers were harvested, dispersed through a stainless steel mesh (100-m pore size), and washed with HBSS containing 10% bovine calf serum. The dispersed cells were mixed with a 33% Percoll solution (Amersham Biosciences) containing 100 U/ml heparin (Sigma-Aldrich) and centrifuged for 20 min (800 ϫ g) at room temperature. Next, the cell pellet was suspended in 2 ml of ammonium chloride solution for 2 min for RBC lysis. The isolated mononuclear cells were then suspended in HBSS and kept on ice until stained with anti-CD3, anti-CD4, anti-Gr1, anti-FasL, anti-CD11b, anti-CD14, and anti-NK1.1 Abs (BD Biosciences) for flow cytometry analysis (Epics XL System; Beckman Coulter).
Isolation of liver NKT cells
Livers were treated as described above. After RBC lysis, cell number and viability were determined by trypan blue dye exclusion. Subsequently, B cells were removed by adherence on plates coated with affinity-purified goat anti-mouse IgG ϩ IgM Abs twice. T cells, NKT cells, and NK cells were isolated using anti-CD5 mAb and anti-DX5 mAb to avoid the stimulation of these cells by cross-linking with mAbs. CD5-positive cells, including both T and NKT cells, were positively selected on anti-CD5 mAbcoated plates (BD Pharmingen (42) , a NKT hybridoma, were serum starved for 24 h and then incubated for 18 h with 10 M 6E-CDCA and 1 g/ml Con A at 37°C. 6E-CDCA was added 30 min before Con A/LPS treatments. Cellular lysates were first diluted with E1A lysis buffer containing phosphatase and protease inhibitors, sonicated, and than immunoprecipitated with specific Ab anti-SHP (Q-14, sc-15283) from Santa Cruz Biotechnology and with protein A beads (Amersham Biosciences). Protein samples were denatured by heating at 90°C in SDS sample reducing buffer and resolved by electrophoresis on 10% SDS-polyacrylamide gels. After protein transfer to the nitrocellulose membranes, the filters were probed with anti-c-Jun Ab (N, sc-45; Santa Cruz Biotechnology). Proteins were then visualized by chemiluminescence using Super Signal West FEMTO reagent (Pierce). Western blotting. Total lysates from DN32.D3 cells were prepared by solubilization in NuPAGE sample buffer containing sample reducing agent. Proteins were separated by PAGE, transferred to nitrocellulose membranes (Bio-Rad), and then probed with primary anti-FXR Ab (Abcam). The antiIg G rabbit Ab (Bio-Rad) was used as a secondary Ab, and specific protein bands were visualized by chemiluminescence using Super Signal West FEMTO reagent (Pierce, Rockford, IL). Chromatin immunoprecipitation (ChIP) assay. Cross-linking and ChIP assays were performed according to the manufacturer's protocols (Abcam), with minor modifications. Briefly, DN32.D3 cells were cross-linked with 1% formaldehyde at room temperature and then the reaction was terminated by the addition of glycine at a final concentration of 0.125 M. Cells were washed in ice-cold PBS and lysed with SDS lysis buffer (1% SDS, 10 mM EDTA, and 50 mM Tris-HCl, pH 8). Cellular lysates were diluted with ChIP dilution buffer, sonicated, and immunoprecipitated with specific Abs: anti-SHP and anti-c-Jun from (Santa Cruz Biotechnology). Immunoprecipitates were collected with protein A beads (Amersham Biosciences) and washed sequentially first with a low-salt wash buffer and then with a highsalt wash buffer using the manufacturer's recommended procedures. DNA was eluted by addition of 1% SDS and 0.1 M NaHCO 3 , and the crosslinking reactions were reversed by heating the mixture to 65°C overnight. The DNA was recovered from immunoprecipitated material by proteinase K treatment at 65°C for 1 h followed by phenol:chloroform (1:1) extraction, ethanol precipitation, and dissolved into 50 l of water. For real-time PCR, 5 l of ChIP products from DN32.D3 cells were used to perform amplification of the mouse OPN gene promoter using the following primers against the AP-1 binding site: AGGAGGAAGTGTAGGAGCAGGT and GGCTCAGACCTCCCAGAATTTA. Real-time PCR. Quantization of the expression of selected genes was performed by real-time qRT-PCR. Total RNA were obtained from livers and cells and isolated with TRIzol reagent (Invitrogen), incubated with DNase I, and reverse-transcribed with Superscript II (Invitrogen) according to the manufacturer's specifications. For real-time PCR, 100 ng of template was used in a 25-l reaction containing a 0.3 M concentration of each primer and 12.5 l of 2ϫ SYBR Green PCR Master Mix (Bio-Rad). All reactions were performed in triplicate using the following cycling conditions: 2 min at 95°C, followed by 50 cycles of 95°C for 10 s and 60°C for 30 s using an iCycler iQ instrument (Bio-Rad). The mean value of the replicates for each sample was calculated and expressed as cycle threshold (C T ). The amount of gene expression was then calculated as the difference (⌬C T ) between the C T value of the sample for the target gene and the mean C T value of that sample for the endogenous control (GAPDH). Relative expression was calculated as the difference (⌬⌬C T ) between the ⌬C T values of the test and control samples for each target gene. The relative level of expression was measured as 2 Ϫ ⌬⌬CT . All PCR primers were designed with the software PRIMER3-OUTPUT using published sequence data obtained from the National Center for Biotechnology Information database.
Mouse primers were as follows: FXR, TGTGAGGGCTGCAAAGGTT and ACATCCCCATCTTGGAC; IL-4, CCTCACAGCAACGAAGAACA and ATCGAAAAGCCCGAAAGAGT; IFN-␥, GCGTCATTGAATCA CACCTG and GACCTGTGGGGTTGACCT; OPN, CTGTTGCCCAG CTTCTAGG and GGCTTTGGAACTTGCTTGAC; TNF-␣, ACGGC ATGGATCTCAAAGAC and GTGGGTGAGGAGCACGTAGT; SHP, AAGGGCTTGCTGGACAGTTA and TCTCTTCTTCCGCCCTATCA; 18S, ACCGCAGCTAGGAATAATGGA and GCCTCAGTTCCGAA AACC; and GAPDH, CTGAGTATGTCGTGGAGTCTAC and GTTG GTGGTGCAGGATGCATTG. Human primers were as follows: FXR, TACATGCGAAGAAAGTGTCAAGA and ACTGTCTTCATTCACG GTCTGAT; GAPDH, GAAGGTGAAGGTCGGAGT and CATGGGTG GAATCATATTGGAA; and 18S, CGGCTACCACATCCAAGCAA and GCTGGAATTACCGCGGCT. Cytokine measurements. Plasma cytokine concentrations were determined using Bio-Plex Cytokine Assays (Mouse 23-Plex Panel 171-FII241; BioRad) according to the manufacturer's directions. Plasma samples were incubated for 2 h at room temperature and cytokine concentrations were measured on a single plate with a Bio-Plex 200 system and then analyzed with Bio-Plex Manager 5.0 software. Myeloperoxidase (MPO) activity. Neutrophil infiltration in the liver was measured by assessing MPO activity. Liver lysates were prepared by homogenizing 100 mg of tissue in 1 ml of T-PER buffer. Liver homogenates were then centrifuged at 15,000 rpm for 15 min and supernatants were collected for MPO activity measurement by using a spectrophotometric assay with tetramethylbenzidine as a substrate. Standard curve was performed using purified MPO (Sigma-Aldrich). Data analysis. All values are expressed as mean Ϯ SE of mice per experiments. The variation between data sets were tested with the unpaired data and ANOVA.
Results
FXR Ϫ/Ϫ mice spontaneously develop a progressive liver injury associated with liver immunity dysregulation
We first evaluated hepatic histopathology and expression of regulatory cytokines and chemokines at 2, 5, and 9 mo of age in FXR null and WT mice. Histopathological evaluation demonstrates that FXR deficiency results in a progressive liver injury characterized by hepatocytes vacuolization, lipid deposit, and focal necrosis (data not shown). As shown in Fig. 1 , these changes associate with liver immunity dysregulation, as demonstrated by the robust induction of IFN-␥ (Ϸ9-fold increase vs WT mice) and OPN (Ϸ20-fold increase vs WT mice) in 9-mo-old mice ( p Ͻ 0.05 vs WT; n ϭ 6). These changes associated with a strong reduction in the expression of liver SHP, a FXR-regulated gene ( p Ͻ 0.05 vs WT mice; n ϭ 6).
FXR gene ablation exacerbates, while FXR activation protects, against Con A-induced liver injury
To explore whether FXR gene ablation predisposes to hepatitis induced by Con A, we injected 8-wk-old FXR Ϫ/Ϫ and WT mice with a lethal dose of Con A (25 mg/kg), with or without pretreatment with 6E-CDCA (10 mg/kg). As shown in Fig. 2A , this treatment resulted in a 24-h mortality of 80% in WT mice. This figure was further exacerbated by FXR gene ablation, with an early higher mortality (50% at 4 h; p Ͻ 0.05 vs WT) and the 100% mortality at 24 h. Administering FXR WT mice with 6E-CDCA reduced lethality induced by Con A administration, highlighting the protective role of the receptor in this model of liver injury ( p Ͻ 0.05 vs Con A alone).
In the next series of experiments, we measured AST plasma levels and assessed liver histology in mice exposed to a sublethal dose of Con A (10 mg/kg). As shown in Fig. 2B , administering WT mice with Con A resulted in a time-dependent increase in AST plasma levels. In comparison to WT mice, Con A administration to FXR Ϫ/Ϫ mice resulted in significantly higher AST levels at 24 h ( p Ͻ 0.05, vs WT mice; n ϭ 8). Interestingly, pretreatment with 6E-CDCA attenuated liver injury caused by Con A administration, as measured by AST plasma levels ( p Ͻ 0.05; n ϭ 8). Moreover, liver MPO activity (Fig. 2C) , a measure of neutrophil accumulation into the liver, was significantly elevated in all groups within 4 h but remained markedly elevated at 24 h only in Con A-treated FXR Ϫ/Ϫ mice. Pretreatment with 6E-CDCA resulted in a significant reduction in Con A-induced liver MPO activity ( p Ͻ 0.05 vs saline-treated mice, n ϭ 8). In comparison to WT mice, the severity of liver injury caused by Con A was markedly exacerbated by FXR gene ablation, as demonstrated by the histopathological analysis (Fig. 2D) . In aggregates, these data establish that FXR ablation exacerbates, while FXR activation protects against Con A-induced hepatitis.
FXR regulates liver NKT cell activation
To gain information on the mechanisms involved in liver protection exerted by FXR activation, we then examined the immune phenotype of liver-infiltrating cells in WT mice administered Con A in the presence of a FXR ligand. In addition, we also investigated whether Con A administration to FXR Ϫ/Ϫ mice results in a different phenotype of liver-infiltrating leukocytes. We found that Con A administration resulted in an ϳ3-fold increase in the absolute number of leukocytes infiltrating the liver at 2 h (data not shown). The phenotypic characterization of these liver-infiltrating cells demonstrated that Con A administration associates with a robust increase in the percentage of CD14 ϩ cells (macrophages) and Gr1 ϩ cells (polymorphonuclear neutrophil (PMN)) while the percentage of CD3 ϩ cells was slightly reduced (Fig. 3) . This effect was attenuated by treating mice with 6E-CDCA at a dose of 10 mg/kg (Fig. 3) . Moreover, flow cytometry analysis revealed that liver-infiltrating CD14 ϩ and Gr1 ϩ cells were significantly more activated than cells isolated from naive animals as assessed by measuring the expression of CD11b on both cell types. Again, treating the mice with a FXR agonist reduced this pattern. Administering mice with 6E-CDCA was also effective in reducing the expression of FasL on CD3 ϩ and NKT cells (Fig. 3) . Hepatic NKT cells, but not T cells, constitutively express FasL mRNA. Therefore, the rapid appearance of FasL on the surface of Con A-stimulated NKT cells may be predominantly mediated by the delivery of intracellularly stored FasL to the cell surface. A precedent work (6) indicated that NKT Fas/FasL cascade is involved in the early phase of Con A-induced hepatitis. Consistent with this finding, down-regulation of FasL on NKT cells in mice administered 6E-CDCA associated with a reduction of AST levels at 4 -8 h after Con A administration. Although these data suggest that FXR activation limits the infiltration of activated leukocytes in this model, challenging FXR Ϫ/Ϫ mice with Con A did not generate a distinctive signature either in the number or the relative percentage of infiltrating cells in comparison to FXR WT mice (Fig. 3) . This suggests that FXR agonism attenuates activation of NKT in the model of Con A-induced hepatitis.
FXR regulates OPN liver expression
We then investigated whether FXR gene ablation modulates the release of cytokines and chemokines known to play a pathogenic role in the model of Con A-induced hepatitis. As shown in Fig. 4 , Con A administration resulted in a robust induction of liver expression of several cytokines. This effect was insensitive to the presence of FXR, with the exception of OPN. Thus, FXR Ϫ/Ϫ mice react to Con A administration with a dramatic up-regulation of OPN mRNA in the liver (Ϸ25-fold increase in comparison to WT mice; Fig. 4D ). These findings were further corroborated by the measurement of OPN protein (ELISA and immunohistochemistry) in the liver (Fig. 5 ). Immunohistochemistry analysis (Fig. 5B ) demonstrated a focal increase in the OPN expression. OPN expression was concentrated in areas of liver damage, suggesting a role for this glycoprotein in favoring emigration of inflammatory cells into necrotic tissues. FXR activation with 6E-CDCA in WT mice reduced mRNA liver expression of OPN and other proinflammatory cytokines measured 24 h after Con A injection ( Fig. 4 ; p Ͻ 0.05 vs saline-treated mice, n ϭ 8). The inhibitory effects of 6E-CDCA were lost in mice harboring a disrupted FXR gene. Confirming mRNA data, administering mice with 6E-CDCA caused a robust reduction in the liver expression of OPN protein content as measured by ELISA and immunohistochemistry ( p Ͻ 0.05 vs saline-treated mice, n ϭ 8; Fig. 5 ). Finally, 6E-CDCA administration to Con A-treated WT mice effectively reduced the plasma levels of several cytokines and chemokines (KC, MIP-1␣, IFN-␥, and TNF-␣; supplemental Fig. 1  4 ) .
FXR/SHP directly regulates OPN gene expression on activated NKT cells
Because these data suggest that FXR regulates the liver expression of OPN, we have then designed a series of studies to investigate whether FXR regulates OPN expression in liver-derived NKT cells. The experiment shown in Fig. 6 demonstrates that liverderived NKT cells express FXR (Fig. 6, A and B) . CD3 ϩ NK1.1 ϩ cells (90% purity; n ϭ 4) express FXR (Fig. 6, A-C) . By using liver-derived NKT cells isolated from WT and FXR Ϫ/Ϫ mice, we found that FXR exerts a direct regulatory role on OPN generation. Thus, as shown in Fig. 6D , not only OPN expression was Ϸ3-fold higher in FXR Ϫ/Ϫ NKT cells in comparison to WT cells, but, while exposure of WT NKT cells to Con A resulted in a robust induction of OPN mRNA expression ( p Ͻ 0.05 vs untreated), OPN expression was boosted up to 7-fold in FXR Ϫ/Ϫ NKT cells ( p Ͻ 0.01 vs WT cells treated with Con A). To gain insight on the molecular mechanisms involved in OPN regulation by FXR in NKT cells, additional experiments were conducted using a NKT cell hybridoma (the murine V␣14 invt TCR ϩ CD1d-specific T-T hybridoma DN32.D3 (39) . By qualitative RT-PCR, Western blot analysis and real-time qRT-PCR, we found that DN32.D3 cells, nonactivated by Con A, express FXR along with the FXR-regulated gene SHP (Fig. 7) . This finding is in line with the observation that adult peripheral blood-derived CD56 NK cells express FXR, as reported by the gene atlas (http://symatlas.gnf.org). Treating DN32.D3 with Con A for 18 h resulted in a 10-fold increase in IFN-␥ mRNA expression, while expression of the OPN gene was induced by 50-fold ( p Ͻ 0.01 vs untreated, n ϭ 6; Fig. 7, D and  E) . Induction of cytokine expression by Con A was associated with a significant reduction in SHP mRNA expression (Fig. 7F) . These changes were reversed by treating DN32.D3 cells with the FXR 4 The online version of this article contains supplemental material. ligand 6E-CDCA (Fig. 7, D-F) . Thus, exposure of DN32.D3 cells to 10 M of the FXR ligand completely abrogated IFN-␥ and OPN induction caused by Con A and restored SHP mRNA expression ( p Ͻ 0.05; n ϭ 6), highlighting the negative correlation existing between cytokines/chemokines and SHP gene expression in NKT cell hybridomas.
Previous studies have shown a regulatory function for the AP-1 consensus site located at Ϫ76 bp in the transcriptional regulation of the OPN gene (43) (44) (45) . The importance of this AP-1 site for the transcriptional activity of the OPN promoter has been highlighted by a complete loss of basal and inducible OPN promoter activity after site-directed mutagenesis (43) (44) (45) . We have previously shown that FXR activation induces a SHP-dependent inhibition of JunD and c-Jun binding to the AP-1 binding site (46, 47) . We have therefore performed a ChIP assay and PCR amplification using primer pairs that cover the AP-1 consensus site at Ϫ76 in the OPN promoter. Results from these experiments demonstrated that this promoter region coimmunoprecipitated with c-Jun in Con A-treated DN32.D3 cells (Fig. 8B ) and that this effect was reduced in cells treated with 6E-CDCA. In addition, immunoprecipitation experiments demonstrated that exposure to 6E-CDCA induces SHP association with c-Jun in Con A-activated cells (Fig.  8A) . Furthermore, by ChIP assay, we found that SHP associates with the OPN promoter in untreated cells (Fig. 8B) . Although SHP binding to the OPN promoter was markedly reduced by exposure of DN32.D3 cells to Con A (Fig. 8B) , this interaction was robustly reinduced by coexposing DN32.D3 cells treated with Con A to 6E-CDCA. In concert, these findings indicate that Con A-induced c-Jun binding to the AP-1 consensus site at Ϫ76 of the proximal OPN promoter is inhibited by FXR/SHP activation. 
Discussion
FXR is a ligand-regulated transcription factor expressed in the liver and gastrointestinal tract that functions as an endogenous sensor for bile acids regulating cholesterol and lipid homeostasis. In this study, we demonstrate a new role for FXR in regulating key aspects of liver T cell biology. Thus, we demonstrated that FXR Ϫ/Ϫ old mice spontaneously develop hepatic damage associated with a marked increase in liver expression of proinflammatory cytokines such as IFN-␥ and OPN. Moreover, using a rodent model of T cell-mediated hepatitis, we were able to provide evidence that although the progression of this immune-mediated disorder is severely exacerbated by FXR gene ablation, it could be prevented by the administration of a synthetic FXR agonist to WT mice. Previous studies have linked metabolic nuclear receptors to the counterregulation of innate immunity (23) (24) (25) (26) . Thus, activation of peroxisome proliferator activated receptor ␥ and liver X receptor by lipid mediators generated by the arachidonic acid breakdown antagonizes the expression of inflammatory cytokines providing counterregulatory signals to cells of innate immunity (24 -26) . In the present study, we have further extended the list of lipid mediators and intermediates that regulate effector branches in the immune response by demonstrating that FXR gene ablation results in a proinflammatory phenotype characterized by a robust increase in the liver expression of OPN, a glycoprotein that is involved in immuno-mediated liver diseases both in human and experimental models (13-16, 48 -53) . In addition, the fact that FXR-deficient mice express high levels of IFN-␥, a cytokine that plays a major role in regulating the immune response to virus, suggests that activation of FXR by bile acids might favor development of liver immune tolerance.
Other than in naive conditions, dysregulation of liver immunity in mice lacking FXR manifests itself by an increased susceptibility to develop immune-mediated liver injury. The hepatitis induced in susceptible mice by Con A administration represents a useful model to explore key aspects of T cell-mediated immunity in the liver. An important observation made in this report was that challenging FXR Ϫ/Ϫ mice with Con A results in a form of hepatitis characterized by an unusually high rate of early mortality (4 -8 h). In vivo, FXR activation with the semisynthetic ligand 6E-CDCA rescued FXR WT mice from the lethality induced by Con A and protected against hepatitis development induced by a sublethal dose of this lectin. The fact that the same agent failed to protect against injury caused by Con A in FXR Ϫ/Ϫ was a striking demonstration of the role FXR exerts in regulating liver immune homeostasis (Fig. 2) .
Despite that NKT cells trigger hepatitis after Con A injection, it is uncertain how the mitogen locally activates NKT cells. Liver NKT cells can be locally activated either specifically through the TCR (e.g., by glycolipid-presenting cells) or nonspecifically through cytokines such as IL-12 or IL-18 (54) . In vivo, activation of T cells is an APC-dependent process, but the APC type that presents the lectin in the liver in this model is not defined. Using herpes virus entry mediator (HVEM)-deficient mice, Wahl et al. (54) have shown that nonparenchymal APC are essential for activating NKT cells in the Con A model. Because HVEM is expressed by most cells of the immune system (T cells, B cells, NK cells, dendritic cells, and monocytes) and by some nonimmune cells such as hepatocytes, the specific cell subtypes that function as APC in this model were not strictly defined. However, because intrahepatic dendritic cells express HVEM on the surface and NKT maturation in the Con A model requires IL-12, these professional APC are an attractive candidate (54) . In addition to professional APC, it is suggested that liver sinusoidal cells could play a role in NKT cell activation. NKT cells in the liver do not transmigrate outside the vascular system and remain within the sinusoids. Geissmann et al. (55) have elegantly shown that NKT cells patrol within hepatic sinusoids at 10 -20 m/min and stop upon TCRmediated activation, thus providing a local, intravascular immune surveillance (56) . Liver NKT cells are CXCR6 positive (55) . CXCR6 is a chemokine receptor that can serve in conjunction with CD4 as a coreceptor for infection with some human and most simian immunodeficiency viruses (HIV-1, HIV-2, and SIV) and similarly to CCR5 and CXCR3 has an expression pattern restricted to memory/effector T cells such as NKT cells. CXCR6 has one known ligand, CXCL16, a transmembrane chemokine highly expressed by liver sinusoidal cells (55) . CXCR-deficient mice have a decreased susceptibility to hepatitis induced by Con A. Because sinusoidal cells are the main site of lymphocyte adhesion/transmigration and adhesion molecule expression in the hepatic venous system during Con A-induced hepatitis (57), it is has been suggested that these cells can function as nonprofessional APC for NKT cells. Interestingly, endothelial cells (58) and liver sinusoidal cells express a functionally active FXR that regulates multiple effector functions in these cells (59) .
Activation of NKT cells in response to Con A can be also partially modulated in an autocrine fashion. Previous studies have demonstrated that OPN derived from activated NKT cells is essential in the development of hepatitis induced by Con A (12) (13) (14) . Thus, Con A administration results in activation of liver NKT cells that secrete OPN. The interaction of NKT cells with the thrombincleaved form of OPN through ␣ 9 ␤ 1 and ␣ 4 ␤ 1 integrins further activates NKT cells in an autocrine fashion (12) . However, it is intriguingly that in contrast to the cleaved form (that is mostly acting through integrin receptors), the intact isoform of OPN binds to CD44 (60) . Because CD44 directly activates NKT cells with a different mechanism in comparison to conventional T cells (61, 62) , this interaction could further strengthen the pathogenic role of the OPN-NKT cell pathway in the model of Con A-induced liver injury.
There is circumstantial evidence to support the concept that activated NKT cells expressing FasL contribute to Con A-induced liver cell injury (12) . On the other hand, OPN, along with MIP-2, recruits neutrophils into the liver (12) . Upon interaction of OPN with its receptors on neutrophils, the latter cells became activated, secreted MPO, and contributed to additional liver cell damage (12) . Confirming this scenario, we demonstrated that FXR activation exerts protective activity in Con A-induced hepatitis by counteracting OPN expression. This view is confirmed by the following observations: 1) FXR Ϫ/Ϫ old mice spontaneously develop liver damage associated with a strong (20-fold) increase of liver OPN mRNA expression, 2) induction of OPN liver expression by Con A administration is amplified in FXR Ϫ/Ϫ mice, and 3) FXR activation in WT mice reduces liver OPN gene expression. In aggregates, these data support the notion that attenuation of liver expression of OPN could be the pivotal mechanism through which FXR exerts its counterregulatory role in this model. Thus, attenuation of OPN synthesis observed in mice treated with the FXR agonist could manifest its effects by a reduction of liver-activated NKT cells harboring FasL on their surface. Because these cells are instrumental to the liver damage caused by Con A, this effect is likely to play an important role in the protective effect we observed in response to FXR activation (6) . In addition, because of the essential role OPN plays in recruiting PMN into the liver in this model, inhibition of OPN synthesis by the FXR agonist is also likely to contribute to the protective effect we measured on the number of liver-infiltrating PMN, another cell type that contributes to liver injury in this model (12, 62) . One important observation we made was that treating WT mice with a FXR agonist attenuates changes in blood plasma levels of KC (63) and MIP-1␣ (62) (supplemental Fig. 1 ). Because MIP-1␣ levels are elevated in the serum of patients with T cell-mediated liver diseases and this chemokine appears to be involved in recruitment of CD4 ϩ cells in the Con A-induced hepatitis (64) , it is tempting to speculate that MIP-1␣ represents an additional target for FXR.
Previous studies have shown that SHP mediates some of the regulatory activities exerted by FXR (33, 36, 46, 47) . SHP is an atypical nuclear receptor, lacking a ligand-binding domain. SHP activation by FXR ligands in hepatocytes leads to the repression of cholesterol 7␣-hydroxylase expression, the rate-limiting enzyme in the neutral pathway that leads to bile acid production from cholesterol (33) . SHP is also a known target for other nuclear receptors, including the estrogen receptors and PPAR␥ (65, 66) , and is essential in the regulation of the expression/activity of hepatocyte NF4 and retinoid X receptor (66) . A body of evidence suggest that SHP represents an important mediator of FXR activity and acts as a corepressor of FXR target genes in different physiological contexts (33, 36, 46, 47) . To investigate the molecular mechanism(s) by which FXR regulates OPN production, we conducted in vitro experiments using a NKT cell hybridoma. The results of these experiments demonstrate that DN32.D3 cells express FXR and SHP and that FXR activation leads to induction of SHP expression. Because the analysis of the OPN promoter failed to demonstrated a FXR-responsive element and OPN is positively regulated by interaction of AP-1 elements to its promoter (43-45), we have investigated whether FXR activation inhibits the interaction of AP-1 with the OPN promoter. The results of these studies demonstrate that activation of FXR leads to a displacement of c-Jun from its consensus site in the OPN promoter. The mechanism through which FXR mediates this effect requires SHP, because FXR activation leads to a direct interaction of SHP with c-Jun, an AP-1 constituent, and the formation of a SHP-c-Jun protein-protein complex. Coimmunoprecipitation experiments and ChIP analysis demonstrated that SHP binds to the OPN promoter in untreated cells, but is released in cells exposed to Con A. This interaction is restored by treating the cells with the FXR ligand. In concert, these findings indicate that Con A-induced c-Jun binding to the AP-1 consensus site at Ϫ76 of the proximal OPN promoter is inhibited by FXR/SHP activation.
In summary, ablation of the bile acid sensor FXR results in a dysregulated generation of OPN in the liver and exacerbation of the liver injury caused by Con A. Activation of FXR by a synthetic ligand rescues from liver damage caused by Con A by a mechanism that involves inhibition of NKT cell activation and OPN production. Regulation of OPN production by NKT cells represents a new mechanism for regulation of liver-immune homeostasis by the bile acid sensor FXR.
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